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i 
Abstract 
 
CUC PTY LTD is an Australian medical device manufacturer specialising in precision 
machining, moulded plastic components as well as systems integration and automation. CUC 
has decided it would be beneficial to investigate the potential benefits from automating an 
internal process. The component manufactured in the highest quantity is the magnet range, the 
process selected for investigation is the individual packaging of these magnets into tubes. Due 
to different sized magnets, the tubes need different combinations and orientations of 
components to eliminate movement.  
A proof of concept was designed to determine if the process could be automated and if it would 
be financially feasible to do so. A small work station utilising linear movement and a hybrid 
finger/vacuum gripper controlled via an Arduino Microcontroller was developed. There were 
some initial successes but due to inefficient manufacturing processes the system underwent a 
critical failure. To determine whether further development would be beneficial it was necessary 
to simulate and calculate potential results and benefits to automation.  
Under ideal circumstances it was determined that it would be possible to develop a system that 
had similar cycle times to a human operator for packaging each magnet, 10.34s vs 11.44s 
respectively. Under ideal circumstances and assumptions, it was calculated that production 
improvements would outweigh cost increases, the introduction of automated systems that 
would double costs would increase capacity by a factor of 2.4. Overall there is evidence that 
automating the process would be beneficial to CUC and further development is recommended. 
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1 Introduction 
1.1 Background 
CUC PTY LTD is a medical device manufacturer specialising in precision tooling and moulded 
plastic components who also provide turn-key solutions to clients regarding system integration 
and automation. CUC has manufacturing locations in both Brisbane, Australia and Shenzhen, 
China.  CUC has decided to automate an internal manufacturing process to increase 
manufacturing capacity as well as decreasing variable costs. The components manufactured in 
the largest quantity by CUC is its magnet range. Currently these magnets are bulk packaged 
into tubes of ten at the China facility and then repackaged into individual boxes at the Brisbane 
office.  
This process is to undergo a change so that the magnets will be individually packaged into 
smaller tubes with custom designed spacers and then packaged into bags. It is important for the 
quality and function of the product that it is not damaged during shipping, to ensure this the 
magnets are packaged into the tube using spacers to eliminate all movement. Among the magnet 
range there is a total of four different types of magnets, three of these having two sub-types, 
totalling seven different magnets. Due to similarities in size between magnets there is a total of 
three different packaging combinations required (This will be expanded upon in Section 1.1.3).  
1.1.1 Magnets 
The magnets are proprietary property of a client of CUC and therefore they will not be 
addressed by their actual name but by an alternative. The magnets are a combination of raw 
magnets and spacers (depending on desired strength) placed inside of a moulded plastic housing 
and lid, which is ultrasonically welded on. The plastic moulding, magnet assembly and welding 
all are conducted within CUC. Table 1 shows the selected naming convention and an image of 
the product for general reference. 
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Magnet Name Image 
Magnet 1A 
 
Magnet 1B 
 
Magnet 2A 
 
Magnet 2B 
 
Magnet 3A 
 
Magnet 3B 
 
Magnet 4 
 
Table 1 - Magnet Variations 
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1.1.2 Packaging Components 
The individual tube packaging components have been designed by CUC so that different 
arrangements of the components can facilitate all magnet types and sub types. All components 
except for the black foam spacer are manufactured on site by CUC. Most of the components’ 
function is self-explanatory from their title, but it should be noted that the counterbored spacer 
has an important function. A change in orientation of the counterbored spacer allows for 
variation in usable space for the magnet, this is how the range of magnets can all use the same 
packaging components. Table 2 below shows an image of each of the packaging components 
used in this process. An example packaging arrangement can be seen in Fig 1. 
 
Magnet Name Image 
End Cap 
 
Tube 
 
Counterbored Spacer 
 
Black Foam Spacer 
 
Table 2 - Packaging Components 
 
 
Figure 1 -- Example Packaging 
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1.1.3 Packaging Process 
Currently the packaging of the magnets into individual tubes has been designed to be a process 
performed by human operators. After some experimentation, it was discovered that the best 
method to achieve correct packaging in an efficient manner is by following the following steps: 
 Insert one end cap into the tube. 
 Stack all other components vertically with the other end cap at the bottom. 
 Push the open end of the tube over the stacked components onto the other end cap until 
completely sealed. 
As stated in Section 1.1 each magnet sub type has a required packaging arrangement. Table 3 
below represents a matrix showing which components are required for each type of magnet. 
There is counterbored spacer is shown as having an A and B variant to designate its orientation, 
variant A is with the counterbore facing downwards. In Table 3 it is clear there are duplicate 
variations of packaging components, this leads to the three final packaging variations required. 
These have been allocated names and shown in Table 4 below. 
 
 Magnets 
Components 1A 1B 2A 2B 3A 3B 4 
End Cap Y Y Y Y Y Y Y 
Counterbored Spacer – A Y N Y N Y Y Y 
Counterbored Spacer – B N Y N Y N N N 
Black Foam Spacer N N N N Y N Y 
Magnet Y Y Y Y Y Y Y 
Counterbored Spacer – A Y Y Y Y Y Y Y 
End Cap Y Y Y Y Y Y Y 
 
Packaging Variation A B A B C A C 
Table 3 – Components required for packaging each magnet 
 
 Packaging Variation 
Components Variation A Variation B Variation C 
End Cap Y Y Y 
Counterbored Spacer – A Y N Y 
Counterbored Spacer – B N Y N 
Black Foam Spacer N N Y 
Magnet Y Y Y 
Counterbored Spacer – A Y Y Y 
End Cap Y Y Y 
Table 4 – Components Required for each packaging variation 
5 
1.2 Motivation 
Through the use of automation, it is possible for a company/industry to achieve quality 
improvements while simultaneously incurring financial benefits. Successful automation 
projects generally result in (Jämsä-Jounela, 2009): 
 Increased consistency of quality and quantity of output. 
 Increased production capacity. 
 Decreased production costs. 
 Increased human safety. 
Being a small manufacturing firm, introducing automation would allow CUC to maximise the 
use of its constrained resources which are staff and floor space available. It is important for 
CUC to take the correct approach to incorporating automation as it can be an expensive process. 
Therefore, it is important to investigate the potential downsides to implementing automation. 
The main disadvantages of automation perceived by the manufacturing industry are (Frohm, 
Lindstrom, Winroth, & Stahre, 2006): 
 Initial investment costs and returns  
 Costs and time involved in training operators 
 Sufficient knowledge required for incorporating into production 
By investigating automation for a relatively simple process and developing a proof of concept, 
it gives CUC the opportunity to address these disadvantages. Developing this technology 
internally will allow for the knowledge to be gathered on how to incorporate and control the 
process within the manufacturing and production processes. The proof of concept should also 
give CUC a better understanding to initial investment costs and the benefits possible and 
therefore returns achievable. The development of automation internally will allow for it to be 
custom designed for smooth incorporation into current processes and allow for the minimisation 
of cost and time requirements presented by training. 
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1.3 Problem Definition 
For CUC the change from bulk to individual packaging increases the amount of time per magnet 
required. The process being completed by human operators is not only time-consuming, but 
introduces the potential for error as there are multiple packaging combinations required. 
Automating this process provides the potential to eliminate human error by allowing for the 
removal of a human operator from a majority of the process. There would still be a requirement 
for a human operator to supply the magnets and required packaging components as well as to 
identify which magnets are being packaged and the quantity required. Other than the initial set 
up of the process the system should be able to package the entire batch uninterrupted. This 
project potentially could decrease variable costs while increasing capacity as an automated 
system will be able to run for longer working hours at a potentially faster rate while allowing 
an operator to perform other manufacturing tasks instead. 
1.4 Objectives  
The major objective of this project is to develop a proof of concept that allows for CUC to be 
able to gather enough information to determine whether further development should be taken. 
In order to do this, it is important to prove that automation of the process should be possible by 
packaging a magnet and to show evidence that it would be economically feasible to pursue.  
1.4.1 Major Objectives 
 Deliver proof of concept showing automating the process is possible. 
o System able to package a magnet depending on the type of magnet 
 Analyse economic feasibility of continuing development. 
1.4.2 Minor Objectives 
 Compare the efficiency of the automated system to that of a human operator. 
o Removal/reduction of human error. 
o Faster packaging/increased capacity. 
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1.5 Design Requirements  
The following requirements shown in table 5 are necessary for the design to be suitable for use 
at CUC and must be taken into consideration during the design process. 
Requirement 
ID 
Requirement Requirement Type 
REQ-1 Must not require operator to be present 
during majority of process 
Functional Requirement 
REQ-2 Must be able to perform multiple 
packaging variations to facilitate entire 
magnet range 
Functional Requirement 
REQ-3 Must operate using only worksite utilities 
(240V electrical supply and 1MPa air 
supply) 
Operational Requirement 
REQ-5 Must not be larger than 50cm x 50cm x 
50cm  
Physical Requirement 
REQ-6 Must be less than 30kg or easily 
disassembled for easy relocation by 
operator 
Physical Requirement 
REQ-7 Limit of $500AUD to be spent on proof of 
concept 
Budgetary Requirement 
Table 5 - Design Requirements 
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2 Design Alternatives and Evaluation 
Three solutions were considered and evaluated based on how well they serve the requirements 
and objectives set: 
 Delta-Style Robot System 
 Multi-Axis Articulated Robotic Arm 
 PLC production line 
2.1 Delta-Style Robots 
2.1.1 Background 
Delta-Style Robots operate from overhead using multiple arms that connect at the gripper head. 
These systems are typically used to move light weight components/loads from one location to 
another where accuracy and speed is prioritised (Stevens, 2016). The delta style robot has been 
typically used in simple packaging and assembly processes (Otto, 2013). 
2.1.2 Pros 
 High levels of accuracy and repeatability 
 High movement speed. 
 Low level of operator involvement. 
 Multiple gripper options 
2.1.3 Cons 
 High cost. 
 Extremely complex design and manufacture. 
 Potentially high level of reliance from third party groups. 
2.1.4 Application Example 
Systems range from extremely small and accurate solutions used for surface mount technology 
placement needed for circuit breakers to larger solutions that can sort individual components 
onto a tray or carton ready for packing (Robotics Online, 2011). Delta-Style Robots are 
commonly used in the food packaging industry for their ability to wrap individual products such 
as protein/chocolate bars and then top load these individual products into cartons (Otto, 2013).  
2.1.5 Potential Application 
A system could be designed that has bins on either side with components required for 
packaging, a conveyor belt could pass underneath the pick and place unit as a platform to 
assemble magnets onto. If utilising a vision system there would be the potential for the magnets 
to be placed onto the conveyor and then packaged as they pass the pick and place system, the 
vision system would also allow for the system to identify magnets that are being packaged and 
reduce need for operator input. This would be an extremely effective solution for achieving 
given objectives but would be extremely complex and may not lend itself to physical or 
budgetary requirements. 
Figure 2 – Delta-Style Robot 
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2.1.6 Evaluation 
The Delta-Style robot system is a viable solution for the automation task at hand, but due to 
project requirements and restrictions may not be the best choice. For the system to operate 
effectively the components to be assembled must be in a known location or utilise a vision 
system utilised to locate components effectively. Due to the complexity of a pick and place 
system, especially if a vision system is to be integrated; an entire pre-built system would need 
to be purchased from a third-party and then modified for the process. Purchasing a unit from a 
third-party makes it impossible to produce a proof of concept while remaining within the 
budgetary requirements and flexible to change. There is also a large risk of a knowledge gap 
involved in programming a vision system guided pick and place robot that may be 
insurmountable in the time frame allocated to this project. 
2.2 Multi-Axis Articulated Robotic Arm 
2.2.1 Background 
Multi-Axis Articulated Robotic arms are used in many automated processes due to their 
flexibility in both movement and operation. Unlike delta-style systems, robotic arms utilise 
multiple servos and joints to  be able to articulate themselves giving them the ability to reach 
an individual point from multiple angles. Robotic arms also provide the flexibility of having a 
range of attachments available for the hand such as grippers, screwdrivers, welders etc. Robotic 
arms are only limited by the budgetary requirements placed upon them, more servos provide 
more axis of movement and there is the ability to incorporate vision systems to assist with 
positioning (Granta, 2016). These attributes provide robotic arms the ability to perform almost 
any task required within an industrial automation process.  
Typically, a robotic arm is around 4 times slower than a delta system but can handle much 
heavier loads (Robotic Industries Association, 2011). As a robotic arm can only perform one 
operation at a time and switching hands to perform different types of operations can be time 
consuming, most industries utilising these systems incorporate multiple robotic arms to perform 
tasks either simultaneously or in succession (Crowther, 2015).  
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2.2.2 Pros 
 High levels of accuracy and repeatability. 
 Grippers could utilise electronic vernier technology to 
perform dimensional analysis. 
 Low level of operator involvement. 
2.2.3 Cons 
 Would only be able to perform one operation at a time. 
 Significantly slower than delta style system. 
 Vision system would be very complex to utilise. 
2.2.4 Application Example 
Multi-axis articulated robotic arms are used widely throughout industry for their versatility and 
efficiency. Almost any repeatable task performed by a human operator can be replicated by a 
robotic arm. They have been used heavily in the automotive industry to perform welding, 
component handling and even quality control if a vision system is incorporated, this has allowed 
companies like Ogihara America Howell to double production output without needing to 
increase staff (Cendrowski, 2008) .   
2.2.5 Potential Application 
For the magnet packaging process being proposed in this project, a robotic arm would be 
suitable to perform the tasks required. It would be able to pick up components and place them 
onto an assembly area, either individually or onto a tray holding a batch. This process would 
be made possible by the input components being at known locations or incorporating a vision 
system to ensure that the correct component is selected and orientated correctly. There would 
be a requirement to develop custom grippers that do not need to be changed or a gripper 
changing system between components. The robotic arm would provide capabilities to expand 
the process beyond the individual packaging process, as it would be quite simple to incorporate 
the tube being placed into a bag with the arm and it would also be possible to utilise the grippers 
to perform basic dimensional measurements on the magnets.  
2.2.6 Evaluation 
The robotic arm is well suited to completing the tasks required by this project as well as being 
feasible to produce a low-cost proof of concept, but there is an issue with the limited benefits 
of this automation. Since a robotic arm can only perform one operation at a time for the system 
to be more efficient than a human operator there would need to be more than one arm, this could 
create issues in the time, budgetary and physical requirements of the proof of concept. Having 
multiple arms would also create safety concerns as there may be the potential for collision. 
Although the robotic arm may not be suitable at this stage, there is potential of incorporating 
such a system at later stage of the project. 
Figure 3 – Multi-Axis Articulated Robotic Arm 
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2.3 PLC Production Line 
2.3.1 Background 
A PLC (programmable logic controller) based controlled production line utilises actuators, 
sensors and programming to complete a pre-defined task. They are similar to Henry Ford’s 
moving assembly line, but instead of human operators completing simple tasks in succession, 
there are actuators completing these tasks. One of the main advantages of a production line is 
that multiple operations can be occurring simultaneously on products that are all at a different 
stage of production, this increases speed of production as well as manufacturing capacity 
(Mikkor & Roosimolder, 2004). 
2.3.2 Pros 
 Continuous production. 
 Modular design. 
o Ability to add more lines if required. 
o Can expand upon automation to incorporate processes before or after current 
process. 
 Suitability for development of proof of concept with possibility of high levels of change 
or expansion if required. 
 Design would be suitable for utilising 3D printed components (grippers, jigs etc). 
2.3.3 Cons 
 Requires components custom designed to handle potential inconsistencies when 
positioning packaging items. 
 Potential issues may arise when trying to move stacked components on production line. 
 Input components may need to be orientated and loaded by an operator before being 
used in the process as system would not have the ability to identify whether the input 
components are orientated incorrectly or missing. 
 Production line may need to be spaced so that high strength magnets do not interact 
during packaging. This could be an issue for the given physical requirements. 
2.3.4 Application Example 
Audi uses a PLC controlled system to automate the assembly line for the Audi A3. There are 
multiple conveyor systems used to transport items between production stages. Using this sort 
of system allowed Audi to meet all safety requirements while still running more efficiently and 
has allowed for required flexibility by developing a system that is easily reprogrammable 
(Phoenix Contact, 2013).  
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2.3.5 Potential Application 
To complete the required task the production line would need to have a station for each of the 
input components as well as one for the removal of the components. This requires for the input 
components to be at a known location as there is no possibility of incorporating a vision system 
without greatly over complicating the manufacture of the system. This system would be 
designed in either a linear or rotary fashion. There would also be potential to expand this design 
to incorporate other steps in the manufacturing or packaging processes at a later stage due to 
the nature of PLC programming. 
2.3.6 Evaluation 
For the magnet packaging process, a PLC production line would work well as this sort of 
technology is suitable for producing a proof of concept and then expanding upon or redesigning 
in the refining stages and design of the final version. There is a large range of actuators and 
controllers available in the market, meaning that a cheaper less effective component could be 
used in the proof of concept and then replaced in the final version if approved for manufacture.  
2.4 Conclusions 
After evaluating each of the design alternatives, it was decided that the PLC production line 
would be the most suitable choice for the project. This is due to its suitability and flexibility in 
the proof of concept and prototyping stages as well as it’s potential for later expansion. The 
production line could be a linear conveyor type system where components are pushed out at the 
correct timing to stack the components or a rotating jig that holds the components and have 
actuators push inwards towards the centre. 
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3 Design Concepts 
In order to arrive at a final design, it was important to develop design concepts to determine 
what is most suitable for a proof of concept that could then be further developed if the project 
was to continue to a prototype build stage. The design concepts stage proved to be a crucial 
step, as during this stage a fundamental issue was discovered requiring an overhaul of the 
design. 
3.1 Design 1 – PLC Production Line 
3.1.1 Design Considerations  
3.1.1.1 Linear vs Circular Production Line 
The production line could be a linear conveyor type system where components are pushed out 
at the correct timing to stack the components or a rotating jig that holds the components and 
have actuators push inwards towards the centre. There is not much of a functional or operational 
difference between these options as the concept is relatively similar and both will face similar 
challenges with balancing components while they are moved. The main deciding factor between 
these options was the physical requirement (REQ-4 – Table 5), the options were compared to 
determine which would be best suited for being located on a workbench. The linear system 
would need to run length ways down the table, whereas a rotational production line will end up 
with a similar length and width. The rotational production line was chosen as it was assumed 
that it would utilise more of the depth of a workbench, which would have been unusable space 
for a linear system.  
3.1.1.2 Electrical vs Pneumatic vs Hydraulic Actuators 
The production line requires actuators to locate and stack the packaging components. The most 
common variations of actuators are electrical, pneumatic and hydraulic, pros and cons of each 
type are shown in Appendix A. Since the system will only be moving very light components 
and will be located in a semi-clean room assembly environment, hydraulic actuators are not 
well suited to this project. Electrical and pneumatic actuators both would be suitable for this 
project, with the main difference being the cost of the components. Due to the high number of 
actuators the difference in cost is an important factor, therefore pneumatic actuators were 
chosen for the proof of concept. If this design moves through to being a proof of concept and 
then to a final prototype version this decision may need to be revisited. 
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3.1.1.3 Rotating Centre Jig  
The design involves having a rotating centre jig shown in figure 4 which is designed to hold the 
stacks of packaging components stable while it rotates. As the centre jig rotates the components 
are moved from one “station” to the next where a linear actuator will push a component out 
onto the stack. There needs to be a station for each component that may be required as shown 
in Table 4. The main design consideration for this component is to ensure that as little material 
is used as possible to reduce costs and manufacturing time. 
 
Figure 4 -- Rotating Centre Jig 
3.1.1.4 Component Positioners 
In order to dispense the components individually they would be stacked into long tubes that are 
placed above the component positioners shown in figure 5. These positioners would be 
manufactured to allow one component to drop out and then be pushed forward. The top face of 
the positioner would stop the next component from dropping out of the tube. To illustrate the 
operation a section view of the component positioner about to push a component is shown in 
figure 6.  
 
 
 Figure 5 - Component Pusher 
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  Figure 6 - Section View of Component Pusher and Loading Tube 
3.1.1.5 Other Considerations 
The final stage of the process would require a gripper to lower the tube down onto the stack of 
components. As the gripper would already be holding onto the tube, it would be utilised as the 
system to remove the final packaged product from the production line. 
3.1.1.6 Process Operation 
The idea for this process is that all the components should be pre-loaded, then during the set-
up process it will be required for an operator to designate to the system which magnet is being 
packaged and the batch quantity. Designating the magnet type provides enough information for 
the system to determine which of the packaging variations is required. During the bulk of the 
process the relevant actuators (dependent on the packaging variation) will be activating at the 
same time, while the actuators are retracting the rotating jig will move all stacks to the next 
stage. But the first few operations and last few operations cannot have all actuators activate at 
the same time as there will be wasted components. For example, during the very first operation 
if all the actuators activated there would not be any pre-existing stacks and then the packaging 
components and a magnet would each fall to the bottom of the rotating jig. This entire process 
will be implemented through the programmable logic controller. 
3.1.2 Preliminary Testing 
The design theoretically seemed to be suitable, but due to the amount of fabrication and 
purchasing that would be required, some preliminary testing was conducted.  There was concern 
that the movement of stacked components would create issues, since if the components were to 
topple over or shift, there would be a critical failure. Clearly if the stack of components was to 
topple there would be an obstruction to further movement and the process would not be able to 
continue correctly, if this was to go unnoticed by the system and the operator it could lead to 
damage to the system. If the components were to shift from their central position, it would be 
possible that the tube coming down would collide with these components which could lead to 
toppling or damage if the system did not detect the failure.  
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In order to test if the stack of components would topple or shift it was necessary to simulate the 
conditions that the components would face when moving from station to station. This was 
possible by placing the components onto a piece of paper that would be a proxy for the rotating 
centre jig and then determine how slowly it would need to be rotated to eliminate shifting of 
the components entirely. Due to the stop and start motion of the production line, the top-heavy 
nature of the component stack and the lack of support it was extremely easy to induce a wobble 
with some of the taller heavier magnets such as magnet types 1B and 2B. It is difficult to 
determine a root cause for the components shifting, but the wobbling seemed to be a significant 
factor from observation. It was only possible to consistently achieve sufficiently minimal 
movement where it was possible to lower the tube over the stacked components if the rotation 
was slowed to approximately 1.5 seconds between stations, this increases the cycle time per 
packaged magnet to over 10 seconds in just movement operations.  
The wobbling stack of components also highlighted other potential causes of failure. It is worth 
noting that the last component placed on the stacks for the type 1B and 2B magnets is a 
downward facing counterbored spacer where the magnet fills the counterbore. Introducing this 
downward facing counterbored spacer introduces problems where the friction between the 
spacer and the magnet would cause a similar wobbling of the components. 
3.1.3 Discussion 
Initially small changes were attempted to try and address the issues identified by the preliminary 
testing. The attempts to fix these issues became a significantly time-consuming process with 
little benefit and eventually it was deemed necessary to conduct a re-design. The main issues 
with the design were introduced through the lateral movement of the components being 
introduced as well as the stacked components. It was therefore decided that the next design 
would take a new approach focusing on packaging a magnet by placing components into the 
tube rather than stacking components and lowering the tube onto them.  
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3.2 Design 2 – Packaging Workstation 
The second design concept was to develop a small workstation where the components would 
be lowered down into the tube. The focus for this concept due to reduced time and funding was 
to develop a proof of concept to show the validity and potential benefits to automating the 
packaging process. The system is not expected to be able to perform the task sufficiently 
without significant upgrades and improvement in the future but to show that the further 
investment to do so could be beneficial.  
It was already discovered when developing a method for human operators that the components 
could not be released until they were in position as they have the tendency to flip when dropped 
into the tube. In order to be able to pick up components and place them into the tube the system 
would need to be able to move along multiple axes, as the gripper would need to be able to both 
move and descend to where the components are located as well as raise them above then lower 
the components into the tube. 
3.2.1 Design Considerations 
3.2.1.1 Gripper System 
The gripper system needs to be able to hold components and lower them into the tube without 
collision. The counterbore spacers and some of the magnet variations have very similar outer 
diameters to the inner diameter of the tube, gripping the components from the outside edges 
would result in collisions. To avoid this issue, it would be required to utilise a vacuum gripper 
system. A small DC powered vacuum pump was purchased for some preliminary testing, it was 
discovered that using the vacuum pump was able to hold all of the components individually, 
but was unable to consistently lift the final packaged tube. Once the tube has been packaged 
there was no functional issue with grabbing from the outside, therefore it was decided that the 
gripper system would be a combination of a vacuum gripper with gripper fingers to grab the 
packaged tube at the end of the process.   
3.2.1.2 Movement Control 
The system requires both lateral and vertical movement, this could be achieved through use of 
a linear actuator or using a rack and pinion gear system controlled by either a servo or a DC 
motor. Due to the substantially higher costs of the electric and pneumatic linear actuators, they 
were ruled out as potential options for the proof of concept system. While researching potential 
options an extremely cheap DC motor controlled linear slide was discovered, this system would 
work well for lateral movement but due to the difficulty of mounting and weight, would not be 
a suitable solution for the required vertical movement. Due to servo motors having a high-power 
output relative to their size and weight and being non-expensive, it was decided that to control 
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the vertical movement using a servo controlled rack and pinion gear system. For full decision 
matrix see Appendix B. 
3.2.2 Discussion  
The individual workstation was determined to be a suitable idea to show potential insight to the 
benefits of automation. If it was possible to create a small, cost effective workstation it would 
be possible to build multiples and substantially increase overall production even though 
individual cycle times may be longer than a production line type system. If the system could be 
designed where an operators input was only necessary at the beginning of the batch there is no 
reason that adding more workstations would require significant addition of human labour.  
3.3 Design Concepts Conclusion 
The first design concept introduced too many issues early into its development to be progressed 
any further, the problems found were fundamental issues with the overall design. The second 
concept was a significant change from the first, but would fulfil the requirements of the project 
therefore it was decided to move forward with the second concept to develop a proof of concept. 
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4 Final Design 
The final design was developed to be a cost-effective proof of concept to deliver evidence that 
further investment would be beneficial. Almost all fabricated components were 3D printed to 
minimise cost and decrease manufacturing time. Purchased components were commonly the 
cheapest alternatives, this was deemed acceptable to prove out the idea but further investment 
would substantially improve the system.  
One of the most significant constraints was the range of motion possible by the linear slide. As 
there was limited lateral movement available it was not possible for the component container 
to hold all components required. For this system to work, any packaging variation that required 
a black foam spacer would be only possible if one orientation of the counterbored spacer was 
swapped out. It was also necessary to simulate the loading and unloading of the magnet and 
tube. The magnets posed the issue of wanting to clump together making distribution extremely 
difficult, the higher strength magnets if allowed to connect are very difficult to separate again. 
Therefore, for testing it would be required to place the magnet in position next to the component 
container at the beginning of each cycle and remove the packaged tube at the end of the cycle. 
An exploded view of the system can be seen below in figure 7, see Appendix C for entire 
drawing package. 
 
 
Figure 7 - Exploded View of Entire Assembly 
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Figure 8 - Photo of Proof of Concept Assembly 
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4.1 Design Features 
4.1.1 Gripper Assembly 
The gripper assembly was developed to be able to hold onto components using the vacuum 
gripper and the packaged tube using the gripper arms. This functionally performed 
exceptionally well at grabbing components and there were no cases of components being 
dropped unless the entire gripper assembly was not positioned properly above the component. 
There were issues with the Z-rack component (Item 9 in figure 9) that was crucial for vertical 
movement, this is addressed in section 4.1.2. 
 
Figure 9 - Exploded View of Gripper Assembly 
 
 
Figure 10 - Photo of Gripper Assembly 
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4.1.2 Lifter Assembly 
The lifter assembly was developed to be a lightweight system that could easily attach to the 
linear slide as well as act as the pinion control for the rack and pinion lifting system. There were 
significant issues with this component and the Z-rack in of the gripper assembly in the final 
testing. To avoid these issues in future, it may be necessary to use alternative manufacturing 
techniques than 3D printing such as CNC machining or purchasing third-party gear systems. 
Using alternative techniques would result in higher levels of accuracy and reduced deformation. 
The servo motor theoretically has much more torque than required to lift the required 
components, but potentially could be upgraded to a more industrial spec servo for future builds. 
 
Figure 11 - Exploded View of Lifter Assembly 
4.1.3 Control System 
For the proof of concept, it was determined that a PLC controller could be replaced with an 
Arduino Mega Microcontroller. This will mean that the programming may be slightly more 
complex as it will not be programmable with ladder logic or block diagrams. The main benefit 
is the very low cost and ease of prototyping.  
4.1.3.1 Arduino Code 
The code for the system was developed in a fashion that would allow for further development 
to be as simple as possible. The overall logic for the proof of concept was for the code to initially 
gather required information from the operator and then use this information to perform the 
required task (see Appendix G for full set of code). The operator would be required to input 
which packaging variation is required followed by inputting the quantity required. Input was 
23 
made possible using a 3x4 membrane keypad, the request for information is currently presented 
in the Serial Monitor window of the Arduino program. The steps are shown in figure 12 below. 
Once the system knows which packaging variation is required and the amount of magnets to be 
packaged, it then runs the function for that packaging variation and loops the amount of times 
required. Due to many repeated actions it was possible to develop functions for most actions. 
The high-level packaging variations eventually became a set of functions for each of the 
components required in the order they are packaged as shown in figure 13, this allows for new 
variations to be developed if necessary in an extremely simple manner. 
 
Figure 13 - Variation A Packaging Code 
Requires operator to select a magnet 
packaging variation to continue. 
Requires operator to select required 
quantity by typing in numbers and 
pressing “#” to continue. 
Display shows quantity and packaging 
variation selected until quantity is 
finished packaging. Once finished the 
system re-initialises and shows the 
first screen again. 
Figure 12 - HMI Output and Required Inputs 
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4.1.4 Enclosure Assembly 
The enclosure assembly shown in figure 14 was developed to be simple and cost effective. 
Aluminium extrusion was used for its low cost and non-magnetic properties. The joiners were 
used to simplify the construction process and time and cost effectiveness. For future builds it 
would be necessary to develop an enclosure that would protect the operator from any moving 
parts.  
 
Figure 14 - Exploded View of Enclosure Assembly 
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5 Performance Evaluation 
5.1 Test Method 
To gather baseline information 3 trained human operators were tasked with conducting 
packaging tests for each packaging variation. Magnet Type 1A (Packaging Variation A), 
Magnet Type 1B (Packaging Variation B) and Magnet Type 3A (Packaging Variation C) were 
used to represent each variation. In each test, ten magnets were completely packaged into tubes. 
The average cycle time across variations and operators was used as the average cycle time 
achievable by a human operator. The cycle time was determined to be approximately 11.5 
seconds, see section 5.2 for results. 
The proof of concept model was tasked with packaging a single magnet using each variation, 
there would be no need to measure the time taken to package 10 magnets or use different 
operators as each cycle time would be consistent. Unfortunately, due to design and manufacture 
issues the system was only able to operate for a few cycles until a critical failure was 
encountered.  
As mentioned in section 4.1.2 there were issues with the lifting assembly where unexpected 
amounts of friction in the rack and pinion system caused the servos to be unable to lift the 
gripper assembly as planned and actually destroyed the original servo motor. Multiple attempts 
were made to reduce the friction, but this ended up creating a loose gear system which allowed 
for the rack to slip past the pinion gear which was also a critical failure.  
During the cycles the system managed before the critical failure it was able to go through the 
motions required to package a magnet but no magnet was officially packed. The cycle time 
during these tests was approximately 50s, see section 5.2 for results. To fix this design issue 
would require a re-design and manufacture of the gripper and lifting assemblies. A change to 
one component could require changes to other components due to increased weights or sizes. 
There was not enough time to re-design and re-manufacture components so to get meaningful 
results it was required to simulate the motions and steps that the system would need to go 
through. The servo motor in the lifting assembly was disconnected with another servo placed 
at the back and wired in its place, this arrangement can be seen in figure 15. This allowed for 
the system to move but when a vertical movement was required it would be simulated by the 
extra servo moving through to the required angle. This system allowed for testing and 
optimisation of the code to reduce the cycle time. Once optimisation was complete the average 
cycle time was approximately 26.7s, see section 5.2 for results.  
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Figure 15 - Photo of Simulated Test Set Up 
 
5.2 Test Results 
5.2.1 Human Operator Test 
 
  
 
 
 
Table 
6 - Time required for Operator to package 10 magnets 
5.2.2 First Round Test – Full System Test 
The first-round test were the runs that were completed when the entire system was able to work 
as a collective unit. It is worth noting that these tests were some of the very first runs before 
optimisation of the process was conducted to reduce cycle time. 
 
 
 
 
5.2.3  
5.2.4 Second Round Test – Simulation Test 
The second-round test was conducted by having a servo motor to the side of the assembly going 
through the necessary motions required by the lifter assembly, but not being attached to any 
other components. It was clear that the resistance of the lifting assembly was increasing the 
 
Variation A Variation B Variation C 
Average 
Time/Magnet 
Operator 1 104s 107s 124s 11.15s 
Operator 2 103s 104s 119s 10.87s 
Operator 3 121s 118s 130s 12.30s 
   Average Cycle 
Time 
11.44s 
 
Variation A Variation B Variation C 
Average 
Time/Magnet 
Automated 
System 
52s 50s Failure Non 
Conclusive 
Table 7 - Time required for system to package single magnet 
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cycle times as when the unloaded servo motor was used the cycle times reduced by 
approximately 10 seconds. During testing it was also clear that there was potential optimisation 
in how the sequence of events would run. For example, there are sections in the code where 
delays are necessary to ensure that certain events such as vertical and lateral movement do not 
occur simultaneously, it was possible to find the minimal delay time required to achieve this. 
Similarly, it was possible to determine through trial and error the highest motor speed for the 
linear slide that would not lead to overshoot of required positions. After optimisation of the 
code, the following results were deemed theoretically possible with current set-up. 
 
 
 
 
5.3 Calculated Theoretical Results 
The second-round test showed results that were theoretically possible if the lifting assembly 
was not being restricted and code had been optimised, continuing along this thought process it 
was decided to calculate what would potentially be possible if better components were 
purchased and everything worked efficiently. Without overhauling the entire design, the only 
components that could be replaced with better alternatives were the servo motors. The fastest 
alternative found was the KS-Servo PDI-HV0903MG, which has an operating speed of 
0.21seconds/180o (Full specifications found in Appendix G). After signalling the system to 
make any movement using the linear slide it was necessary to create a delay of 0.5s to ensure 
that the system would be in the correct position before the servo would lower the gripper 
assembly, this time was used to estimate any movements required by the linear slide. The 
theoretical cycle times were calculated by breaking down the packaging variations to their steps 
and the theoretical times associated with them, to remove duplication the packaging of the 
component after moving to the component had its theoretical calculated as a function (these 
steps are represented as a function in the code). The theoretical time breakdown can be seen 
below in table 9 (For full calculations and breakdown see Appendix H). 
 
 
 
 
 
Variation A Variation B Variation C 
Average 
Time/Magnet 
Automated 
System 
25s 25s 30s 26.7s 
Table 8 -  Simulated time required for system to package single magnet 
 
Variation A Variation B Variation C 
Average 
Time/Magnet 
Theoretical 
System 
9.64s 9.64s 11.73s 10.34s 
Table 9 - Theoretical time calculated for system to package single magnet 
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5.3.1 Requirement Analysis 
Requirement 
ID 
Requirement Result Explanation 
REQ-1 
Must not require operator to be present during majority of 
process 
PASS 
Once system has information inputted, it runs by itself until finished (In a 
simulated fashion). 
REQ-2 
Must be able to perform multiple packaging variation to 
facilitate entire magnet range 
FAIL 
Only Simulated testing of each packaging variation was able to be 
completed successfully. 
REQ-3 
Shall be possible for operator to designate which magnet 
variation is required and quantity to be packaged 
PASS 
Program will not run unless this information is inputted. 
REQ-4 Must not be larger than 50cm x 50cm x 50cm  PASS Physical Dimensions are 27.6cm x 25.4cm x 24.5cm. 
REQ-5 
Must be less than 30kg or easily disassembled for easy 
relocation by operator 
PASS 
[need to weigh device – but is probably less than 1kg] 
REQ-6 Limit of $500AUD to be spent on proof of concept PASS Total cost of system was $477.47 (See Appendix D &E for details) 
Table 10 - Results of Requirements Analysis 
 
5.3.2 Objective Analysis 
Objecti
ve Type 
Objective Result Explanation 
Major 
Deliver Proof of Concept showing automation of 
the process is possible PASS 
The system does show that it would be possible and allows for enough testing to determine 
whether there could be potential benefits even though the system failed to package a 
magnet. 
Major 
Analyse economic feasibility of continuing with 
final version 
PASS 
This is covered in section 5.3.1, although the system can only simulate the effectiveness 
of a final version. It is made clear that there are potential benefits to further investment 
Minor 
Compare the systems efficiency to a human 
operator 
 Removal/reduction of human error 
 Faster packaging/increased capacity 
PASS 
The control system eliminates the mispackaging of magnets under the assumption that 
there is no human error to the input of required packaging variation. Also the system 
individually was unable to package faster than a human operator but multiple systems 
would be able to package more magnets over a given time frame and potentially still be 
cost effective. Therefore this objective is deemed as a pass even though not all criteria are 
met by the individual system 
Table 11 - Results of Objective Analysis
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5.4 Discussion 
5.4.1 Production Analysis 
The economic batch quantity for manufacturing magnets is 1000, using the results from the 
human packaging tests, a human operator should be able to package a batch in approximately 
3 hours and 10 minutes, or alternatively 2,390 magnets per day. Set up would not be required 
as the magnets are already set up by the previous step in the manufacturing process.  
For the automated system it is impossible to calculate how long would be required for an 
operator to set up a packaging system that could handle an entire batch of magnets, but for the 
analysis a conservative value of 30 minutes will be used.  
Using the results from the simulation test (26.7s/magnet) the system would require 7 hours and 
24 minutes of run time to package a batch of magnets. Unless there were multiple operators 
running split shifts or overtime being utilised, it would not be possible to run more than 1 batch 
per day on a single machine, requiring 30 minutes of operator attention. 
Using the results from the calculated theoretical results (10.34s/magnet) the system would 
require 2 hours and 53 minutes to package a batch of magnets. This would allow for 2 batches 
to be packaged per day, requiring 1 hour of operator attention.  It would also be logical to 
develop multiple systems, this would allow for an operator to set up systems consecutively. 
Investment required to implement extra systems would be the upfront costs, maintenance and 
30 minutes of operator time per work day.  
If it was possible to develop a system that could reach the theoretical cycle times 
(10.34s/magnet), for each system implemented it is possible to package 2000 magnets per day 
to a maximum of 7 systems per operator due to required set up time. This allows for a maximum 
of 14 batches to be packaged per day per operator, an increase by a multiple of 5.8, highlighting 
the potential productivity benefits. 
5.4.2 Cost Analysis 
First it was necessary to determine what the cost of a human operator would be for a year and 
how many magnets could be packaged in that time frame. Assuming the human operator is 
paid at Australian minimum wage they would have a pay rate of $18.23/hour (Australian 
Government, 2017). Taking into account on-costs an extra 24.44% is required on top of 
ordinary earnings to cover superannuation, annual leave, productivity etc (Australian National 
Universtiy, 2017). This means that per hour an employee costs a total of $22.70/hour. 
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Assuming they are working a 38-hour week and 50 weeks of the year this is a cost of 
$43,150/year.  
It was possible to develop a proof of concept with the total cost coming to approximately $480 
(See Appendix E & F for costing details). There issues with design and manufacturing where 
significant improvements and investment would be required to create a fully functional system, 
but it is clear that with further investment it would be possible to develop a system that would 
lead to increases in potentially both both profit and productivity. For example, assuming a 
conservative estimate of developing a final system would cost approximately $20,000 (40x 
increase over the proof of concept) and maintenance/operating costs were 10% of initial layout, 
it is possible to determine that using a process comprising of a single operator and 2 packaging 
systems to package magnets, it is possible to increase production by a multiple of 2.4 by 
engaging in an expenditure during the first year almost identical to utilising another staff 
member to package magnets full time, shown in table 12 below. This implies that there would 
be a return on investment of less than a year. This is all based on assumption and will be able 
to analysed continuously as more information becomes available, but it does highlight the 
potential financial benefits (See Appendix I for full process costing analysis). 
 
Operators 
Packaging 
Systems 
Magnets Packaged/ 
Year 
Cost 
 (1st Year) 
% Increase 
Packaging 
%Increase 
Costs 
1 0 597902 $43,150     
1 1 1019231 $65,150 170% 151% 
1 2 1440559 $87,150 241% 202% 
Table 12 - Process Costing Analysis 
 
Variables / Factors  
Cost of Machine $20,000  
Maintenance/Operating Costs 10%  
Table 13 - Variables used in Process Costing Analysis 
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6 Conclusion 
6.1 Summary 
The proof of concept system as a unit was not an overwhelming success. Even though the 
system met most of its functional requirements, it was unable to successfully demonstrate the 
complete packaging of a magnet. There were many issues with the manufacture that lead to 
critical failure of some components. Most issues faced would benefit from the addition of 
further investment of both time and money.  
Overall the project could be deemed a success as it clearly shows the potential of automation 
has to benefit this manufacturing process. Further development of the project is recommended 
as depending on the goals of CUC, it can be seen that using automation in the magnet packaging 
process it would be possible to significantly increase production, decrease costs, or potentially 
both. There would also be the learning opportunity achieved in developing such a system to 
completion, once this knowledge is held within the company there would be opportunity to 
automate more complex tasks as well as offering automation services to other manufacturing 
businesses. 
6.2 Potential Improvements 
Significant improvements would be possible throughout the project. The main constraints were 
time, knowledge and funding. There was too much time spent trying to fix ideas on the initial 
design concept that were fundamentally flawed, this significantly reduced the time available 
once the switch in design concept was completed. There was also a steep learning curve 
experienced with the electronics and control systems used throughout the project, this also fed 
into the time constraint as developing a similar system again would be a quicker more efficient 
process. Throughout the project it was common to choose the cheapest alternatives of 
purchased items as there was an uncertainty whether the product would work for the task at 
hand as well as whether the skills were available to control the product as required. These 
cheaper alternatives of bought components contributed to critical failures within the system.  
The vertical movement of the system is a major area for improvement, this aspect of the system 
was the main critical failure. The rack and pinion seemed to be a good idea in theory, but the 
3D printed component underwent significant deformation over the days following manufacture 
and therefore introduced excessive amounts of friction to the system. It could be improved with 
better manufacturing techniques or by purchasing a third-party rack and pinion system. It 
would also be possible to replace the rack and pinion system with a small linear actuator or 
similar device.  
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The operator input system was not an issue for testing but the current system would not be 
suitable for being incorporated into a manufacturing process. The main issue with the control 
system is that there is no available method to undo any selections made, meaning that if the 
operator was to accidently enter extra characters when selecting quantity the system would run 
for an excessive amount of cycles. This could be easily improved in the code but was not a 
necessary change for the testing of the system. It would also be possible to use a small screen 
rather than require the operator to view the Arduino serial monitor to receive instruction.  
6.3 Further Work 
Since it has been shown there is a potential benefit to automating the system, the next step will 
be to design a prototype. Once an estimated costing, time-frame and plan for the prototype is 
developed it will be presented to the directors of CUC. If given the greenlight by the directors 
the system will need to be manufactured, tested and incorporated into the manufacturing 
process followed by verification to be carried out both internally and externally by the client 
that purchases the packaged magnets. The process costing will be needed to be updated as new 
information becomes available throughout the design to ensure financial feasibility does not 
change status. 
If the project is to be developed further there is an opportunity to incorporate the manufacturing 
phases before and after the individual packaging stage. Before the magnets are packaged they 
have their magnetic strength (gauss) and dimensions measured, it would be difficult to 
dimensionally measure the magnets as they all have different critical dimensions to be reported, 
but the gauss measurement is conducted by placing the magnets into a known location and 
collecting data from a measurement device, this lends itself well to automation due to the 
repetitive actions and easily defined events. After the magnets are put into their individual tubes 
they are then put into individual bags and sealed, this also lends itself well to automation. Both 
of these processes would need to be investigated to determine the feasibility of automation and 
potential production and financial benefits available.  
 Before developing and presenting a prototype design to the directors it may be extremely 
valuable to work on other smaller projects and to undergo some further formal training in 
mechatronics, this would ensure that there would be a better knowledge base to develop the 
prototype design from.   
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8 Appendix 
Appendix A – Electrical vs Pneumatic vs Hydraulic Actuators 
Pros Cons 
Electrical Actuators 
 High precision 
 Theoretically infinite positioning 
locations 
 Can use encoders to control position, 
velocity, acceleration and force 
 High cost 
 Continuous running can cause 
overheating and maintenance issues 
Pneumatic Actuators 
 Low cost 
 Precise motion and repeatability 
 Light weight 
 Only two possible locations 
 Compressor must run continuously 
 Air can be contaminated by oil or 
lubrication 
Hydraulic Actuators 
 Suited for high force systems  Leak fluid 
 Complex support system, requires 
reservoirs, pumps, heat exchangers etc. 
 
Appendix B – Linear Movement Solution Comparison 
Pros Cons 
Linear Actuator (Electric) 
 High precision 
 Theoretically infinite positioning 
locations 
 Can use encoders to control position, 
velocity, acceleration and force 
 High cost 
 Continuous running can cause 
overheating and maintenance issues 
Linear Actuator (Pneumatic) 
 Low cost 
 Precise motion and repeatability 
 Light weight 
 Only two possible locations 
 Compressor must run continuously 
 Requires additional components  
Rack and Pinion (Servo Controlled) 
 Easily controllable position 
 High power output relative to size 
 Extremely low cost 
 Can have restricted movement 
 Difficult to repair if damaged 
Linear Slide (DC Motor Controlled) 
 Using slide potentiometer can control 
positioning 
 Uses feedback to understand where the 
slide is at all times. 
 Extremely Low cost. 
 Due to overshoot can cause vibration 
when attempting to reach position 
 Requires extra wiring as potentiometer 
needs to have access to power 
 
 
Appendix C – Complete Drawing Package 
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[insert drawings of component container and linear slide bracket] 
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Appendix E – Bill of Materials and Costing 
 
Appendix F – Calculation of 3D printing cost 
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Appendix G – Full Code 
//below are the library inclusions required 
#include <Keypad.h> 
#include <Wire.h> 
#include <Adafruit_MotorShield.h> 
#include "utility/Adafruit_PWMServoDriver.h" 
#include <Servo.h> 
 
int Xposi = 0;  //variable used to determine where linear slide should move to 
 
int VacPump = 6; //Vacuum Pump Output Pin 
int VacSol = 7;  //Vacuum Solenoid Output Pin 
 
int sensorValue = 0; //Linear Slide Input Pin 
int MotorSpeed = 130; //nominal motor speed chosen after preliminary testing - can be adjusted if necessary 
 
int delayval = 500;  //nominal delay time required between movements - can be adjusted if necessary 
 
Adafruit_MotorShield AFMS = Adafruit_MotorShield();  
Adafruit_DCMotor *XPosi_Motor = AFMS.getMotor(1); //Setting Linear Slide Motor 
 
Servo Zposi_Servo; 
Servo Grip_Servo; 
 
int Z_posi = 0; //variable useed to control gripper height 
int Grip_Posi = 0; //variable used to control gripper activation 
 
//Below is code required to set up numpad 
const byte ROWS = 4;  
const byte COLS = 3;  
char keys[ROWS][COLS] = { 
  {'1','2','3'}, 
  {'4','5','6'}, 
  {'7','8','9'}, 
  {'#','0','*'}}; 
   
byte rowPins[ROWS] = {34, 36, 38, 40}; //Setting pins that represent rows of keypad 
byte colPins[COLS] = {42, 44, 46}; //Setting pins that represent columns of keypad 
 
int i = 0;  //variable used to return keystroke values 
Keypad keypad = Keypad( makeKeymap(keys), rowPins, colPins, ROWS, COLS ); 
 
int fin = 0; //variable used to control whether operator is finsihed entering quantity 
int qty = 0; //variable used as to control input for required quantity 
 
void setup() { 
  Serial.begin(9600); 
  Serial.println("Set Up - Begin"); 
  AFMS.begin(1000); 
   
  //Code below assigns Vacuum control pins and ensures is off 
  pinMode(VacPump, OUTPUT); 
  pinMode(VacSol, OUTPUT); 
  digitalWrite(VacPump, LOW); 
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  digitalWrite(VacPump, LOW); 
 
  //Code below assigns z-servo is in raised position 
  Zposi_Servo.attach(9); 
  Zposi_Servo.write(175); 
 
  //Code below assigns gripper servo is in open position 
  Grip_Servo.attach(10); 
  Grip_Servo.write(60); 
   
  Xposi = 1020;  //furthermost left position 
 
  //Code below ensures that the system is at the furthermost left point (known start position) 
  XPosi_Motor->run(FORWARD); 
  XPosi_Motor->setSpeed(MotorSpeed); 
  delay(500); 
  XPosi_Motor->run(RELEASE); 
  XPosi_Motor->setSpeed(0); 
 
  Serial.println("Set Up - Complete"); 
} 
 
void loop() { 
//Text below requires operator input on which component is to be packaged and how many are to be 
packaged 
Serial.println(" "); 
Serial.println(" "); 
Serial.println(" "); 
 
Serial.println("Select Which Packaging Variation is Required"); 
Serial.println("Press 1 for VAR A - Magnet Types 1A, 2A, 3B"); 
Serial.println("Press 2 for VAR B - Magnet Types 1B, 2B"); 
Serial.println("Press 3 for VAR C - Magnet Types 3A, 4"); 
 
char key = keypad.waitForKey(); 
Serial.println("Enter quantity to be packaged and press '#' when complete"); 
   
  while (fin != 1){ 
    char key1 = keypad.waitForKey(); 
    int val = key1 - 48; 
    if (key1 != '*'){ 
      qty = qty * 10 + val; 
    } 
    else{ 
      Serial.println("QTY:"); 
      Serial.println(qty); 
      fin = 1; 
    } 
  } 
   
if (key == '1'){ 
    Serial.println("Packaging Variation A"); 
    for(int i = 0; i < qty; i++){ 
    VAR_A_PACK(); 
   }} 
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if (key == '2'){ 
    Serial.println("Packaging Variation B"); 
    for(int i = 0; i < qty; i++){ 
    VAR_B_PACK(); 
   }} 
    
if (key == '3'){ 
    Serial.println("Packaging Variation C"); 
    for(int i = 0; i < qty; i++){ 
    VAR_C_PACK(); 
  }}  
  key = 0; 
  fin = 0; 
  qty = 0; 
} 
 
 //Code has been written so that each variation can be written as the components required in the order that 
they are to be packaged 
void VAR_A_PACK(){ 
  SpaceA(); 
  Magnet();  
  SpaceA(); 
  EndCap(); 
  FinishPack(); 
} 
 
void VAR_B_PACK(){ 
  SpaceB(); 
  Magnet();  
  SpaceA(); 
  EndCap(); 
  FinishPack(); 
} 
 
void VAR_C_PACK(){ 
  SpaceA(); 
  SpaceB(); 
  Magnet();  
  SpaceA(); 
  EndCap(); 
  FinishPack(); 
} 
 
 
void SpaceA(){ 
  //Moves to spacer where counterbore is top side and puts component into tube 
  Xposi = 0; 
  MoveX(); 
  delay(delayval); 
  PackComponent(); 
} 
 
 void SpaceB(){ 
  //Moves to spacer where counterbore is bottom side and puts component into tube 
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  Xposi = 255; 
  MoveX(); 
  delay(delayval); 
  PackComponent(); 
} 
 
void Magnet(){ 
  //Moves to magnet and puts component into tube 
  Xposi = 1020; 
  MoveX(); 
  delay(delayval); 
  PackComponent(); 
} 
 
void EndCap(){ 
  //Moves to endcap and puts component into tube 
  Xposi = 510; 
  MoveX(); 
  delay(delayval);   
  PackComponent(); 
} 
 
void PackComponent(){ 
  //series of events once linear slide has moved gripper above component is identical - this allows for 
uniform code for each component 
  ActivateVacuum(); 
  Zdown(); 
  Zup(); 
  Xposi = 765; 
  MoveX(); 
  delay(delayval); 
  Zdown(); 
  DeActivateVacuum(); 
  VacRelease(); 
  Zup(); 
} 
 
void FinishPack(){   
  //series of events once tube is completely pack is identical - this allows for uniform code for each variation 
type 
  Zdown();  
  CloseGrip();  
  Zup(); 
  Xposi = 1020; 
  MoveX(); 
  delay(delayval); 
  OpenGrip(); 
} 
 
void Zup(){ 
  //Raises gripper assembly 
  Zposi_Servo.write(170); 
  delay(900); 
} 
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void Zdown(){ 
  //Lowers gripper assembly 
  Zposi_Servo.write(10); 
  delay(900); 
} 
 
void CloseGrip(){ 
  //Activates gripper 
  Grip_Servo.write(165); 
  delay(500); 
} 
 
void OpenGrip(){ 
  //De-activates gripper 
  Grip_Servo.write(60); 
  delay(500); 
} 
 
void ActivateVacuum(){ 
  //Activates vacuum pump 
  digitalWrite(VacPump,HIGH); 
} 
 
void DeActivateVacuum(){ 
  //De-activates vacuum pump 
  digitalWrite(VacPump,LOW); 
} 
 
void VacRelease(){ 
  //Operates the inbuilt solenoid which releases vacuum pressure 
  digitalWrite(VacSol,HIGH); 
  delay(250); 
  digitalWrite(VacSol,LOW); 
} 
 
void MoveX(){ 
  //Will move linear slide to whatever input Xposi is last set as 
  //To avoid variation and not require PID control - A range of values near target are deemed as a pass 
  //Serial.println("Moving to position"); 
    while (sensorValue < Xposi - 20){ 
    XPosi_Motor->run(FORWARD); 
    XPosi_Motor->setSpeed(MotorSpeed); 
    sensorValue = analogRead(A0); 
  } 
 
  while (sensorValue > Xposi + 20){ 
    XPosi_Motor->run(BACKWARD); 
    XPosi_Motor->setSpeed(MotorSpeed); 
    sensorValue = analogRead(A0);} 
 
  XPosi_Motor->run(RELEASE); 
  XPosi_Motor->setSpeed(0); 
  sensorValue = analogRead(A0); 
  return(0); 
  //Serial.println("Moved to position"); }  
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Appendix G – KS-Servo Specifications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix H – Theoretical Packaging Component Breakdown 
 
Pack Component 
Operation Estimated Time 
Activate Vacuum 0.00s (switch) 
Z-Down 0.21s 
Z-Up 0.21s 
Move to Tube 0.50s 
Z-Down 0.21s 
De-Activate Vacuum 0.00s (switch) 
Solenoid Activation 0.25s 
Z-Up 0.21s 
TOTAL 1.59s 
 
Finish Pack 
Operation Estimated Time 
Z-Down 0.21s 
Close Grip 0.18s (100o of servo movement) 
Z-Up 0.21s 
Move to Final Position 0.50s 
Open Grip 0.18s 
TOTAL 1.28s 
 
Packaging Variation A 
Operation Estimated Time 
Move to Space A 0.50s 
Pack Component 1.59s 
Move to Magnet 0.50s 
Pack Component 1.59s 
Move to Space A 0.50s 
Pack Component 1.59s 
Move to End Cap 0.50s 
Pack Component 1.59s 
Finish Pack 1.28s 
TOTAL 9.64s 
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Packaging Variation B 
Operation Estimated Time 
Move to Space A 0.50s 
Pack Component 1.59s 
Move to Magnet 0.50s 
Pack Component 1.59s 
Move to Space A 0.50s 
Pack Component 1.59s 
Move to End Cap 0.50s 
Pack Component 1.59s 
Finish Pack 1.28s 
TOTAL 9.64s 
 
Packaging Variation C 
Operation Estimated Time 
Move to Space A 0.50s 
Pack Component 1.59s 
Move to Space B 0.50s 
Pack Component 1.59s 
Move to Magnet 0.50s 
Pack Component 1.59s 
Move to Space A 0.50s 
Pack Component 1.59s 
Move to End Cap 0.50s 
Pack Component 1.59s 
Finish Pack 1.28s 
TOTAL 11.73s 
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Appendix I – Process Costing 
 
Operators 
Packaging 
Systems 
Magnets 
Packaged/ 
Year 
Cost 
 (1st Year) 
Cost  
(2nd Year) 
Cost  
(3rd Year) 
% Increase 
Packaging 
%Increase 
Costs 
1 0 597902 $43,150 $43,150 $43,150     
1 1 1019231 $65,150 $45,150 $45,150 170% 151% 
1 2 1440559 $87,150 $47,150 $47,150 241% 202% 
1 3 1861888 $109,150 $49,150 $49,150 311% 253% 
1 4 2283217 $131,150 $51,150 $51,150 382% 304% 
1 5 2704545 $153,150 $53,150 $53,150 452% 355% 
1 6 3125874 $175,150 $55,150 $55,150 523% 406% 
1 7 3547203 $197,150 $57,150 $57,150 593% 457% 
        
  Variables / Factors    
  Human Packaging/Hour 315    
  Cost of Machine 20000    
  Maintenance/Operating Costs 10%    
